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Abstract
The objective of this study was to investigate variation in sperm quality metrics (motility, velocity, linearity,
longevity, and density) of hatchery-reared Lake Trout Salvelinus namaycush throughout the spawning season. Seasonal
variation in sperm quality was investigated using both a regression and repeated-measures approach. Sperm was
collected from the same 16 individuals over four sampling periods, separated by 3-week intervals. Regression analyses
showed that 7–27% of the variation in sperm traits could be explained by seasonal variation, indicating that seasonality
can have a significant impact on the quality of sperm. Significant positive linear relationships were found for percent
motility and linearity at 5 s postactivation. Significant negative quadratic relationships were found for velocity at
5 s postactivation, longevity, and density, whereas a positive quadratic relationship was found for linearity at 10 s
postactivation. Repeated measures ANOVAs showed a significant effect of season for percent motility and linearity
at 5 and 10 s postactivation, velocity at 10 s postactivation, and longevity. Our findings are important for optimizing
fertilization protocols for hatchery production and can also be used to understand reproductive biology and ecology
of wild Lake Trout stocks.
Lake Trout Salvelinus namaycush have historically been a
significant commercial and economic species important to North
American inland lakes and the Great Lakes. Over the past half-
century, declines in a number of Lake Trout populations, largely
owing to Sea Lamprey Petromyzon marinus predation and over-
fishing (Jensen 1994; Walters et al. 1980), have resulted in the
establishment of restocking and rehabilitation programs (Piller
et al. 2005). Although captive breeding of this species has oc-
curred for several decades, only remnant populations remain in
some of the Great Lakes, including Lake Huron and Lake Su-
perior (Guinand et al. 2003). Today, hatchery populations are
*Corresponding author: tpitcher@uwindsor.ca
Received March 15, 2012; accepted June 30, 2012
Published online December 18, 2012
used primarily to stock lakes in need of rehabilitation (Evans
and Willox 1991). As restoration efforts have become increas-
ingly relevant, investigating gamete quality under a captive en-
vironment is important for the successful propagation of this
species.
Sperm quality, which includes measures of sperm motility,
velocity, longevity, and density, are considered the primary de-
terminants of fertilization success (Casselman et al. 2006; Tuset
et al. 2008). Essentially, these sperm quality indices can be used
to optimize fertilization protocols, which become important for
producing large numbers of progeny from a limited number
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of eggs. Sperm quality has been found to be highly dependent
on season (Babiak et al. 2006; Billard 1986; Munkittrick and
Moccia 1987). For example, in Atlantic Halibut Hippoglossus
hippoglossus, sperm density, percentage of motile cells, veloc-
ity, and linearity were found to vary significantly throughout the
course of the spawning season (Babiak et al. 2006). The most
common pattern of seasonal change in sperm quality across
species is linear or quadratic. Linear patterns generally increase
or decrease steadily throughout the spawning season (e.g., Butts
et al. 2010), whereas quadratic patterns generally represent bell-
shaped curves in which sperm quality increases at the start of
the season, peaks during the middle, and decreases towards the
end of the season (e.g., Papadaki et al. 2008). It is therefore im-
portant to optimize reproductive protocols to reflect the natural
biology of propagated species.
An understanding of seasonal changes in sperm quality can
be used to optimize fertilization success for hatchery produc-
tion (Suquet et al. 1998), improve gamete storage techniques
(Rideout et al. 2004), increase the efficiency of selective breed-
ing programs (Butts et al. 2010), and assess the impacts of sperm
aging (Alavi et al. 2008). In this study, we assessed variation
in sperm quality of hatchery-reared Lake Trout over a 2-month
interval that spanned the natural spawning season.
METHODS
Broodstock and sperm sampling.—Variations in sperm qual-
ity traits were assessed for 7-year old hatchery-reared Lake
Trout from the Ontario Ministry of Natural Resources Codring-
ton Fisheries Research Facility, Codrington, Ontario. Fish origi-
nated from wild spawn collections in 1983 (two generations ear-
lier), from native Lake Trout populations in two interconnected
lakes in Haliburton, Ontario (Clean and Macdonald lakes: lat
45.2501, long −78.5329). All fish were housed in two fiber-
glass raceway tanks (6.1 × 1.5 m working depth of 0.6 m) fed
by untreated water from a local stream source and were kept
under a natural photoperiod and temperature regime. Fish
were fed AquaBrood feed (7.5-mm pellet, 45% protein, 20%
lipid; Corey Nutrition Company, Fredericton, New Brunswick)
at 0.5% body weight per day. At 3-week intervals in 2010
(October 28, November 16, December 7, and December 27)
milt was collected from the same 16 individuals in the con-
text of a repeated measures experimental design. The mean ±
SE total length and weight of the broodstock at the onset of
spawning were 582.94 ± 6.73 mm and 1,894.12 ± 79.22 g.
Fish were anaesthetized using 40–50 mg/L solution of MS-222
to minimize stress during handling and stripping (Syndel In-
ternational, Vancouver, British Columbia). Milt samples were
collected, using slight pressure to the abdomen and massag-
ing towards the urogenital pore, in 532-mL Whirl-Pak plastic
bags (Nasco, Newmarket, Ontario) and stored in a cooler. Extra
care was taken to ensure that urine, feces, blood or water did
not contaminate the milt sample. The initial male ejaculate was
discarded in a standardized manner. Approximately 2 mL of
ejaculate was then collected using sterilized Pasteur pipettes.
Sperm activity.—Sperm were video-recorded using a digital
black and white video camera (XC-ST50, Sony, Japan) module
at 50 Hz vertical frequency, mounted on an external-phase con-
trast microscope (CX41 Olympus, Melville, New York) with
a 10× negative-phase magnification objective (Pitcher et al.
2009). Sperm metrics (motility, velocity, longevity, and linear-
ity) were assessed by activating an aliquot (<0.2µL) of milt into
a chamber of a 2X-CEL glass slide 110 (Hamilton Thorne, Mas-
sachusetts) covered with a coverslip (22× 22 mm) with 10µL of
stream water. A bionomic controller (model BC-110) and heat
exchanger (model HEC-400, 20/20 Technology Inc., Wilming-
ton, North Carolina) were used to maintain water temperature
at 8.6 ± 0.1◦C (the temperature of the activation water dur-
ing the first sampling date). Once recordings were taken, sperm
traits were analyzed using the HTM-CEROS sperm analysis sys-
tem (version 12, CEROS, Hamilton Thorne Biosciences, Bev-
erly, Massachusetts) set at the following: number of frames =
60, minimum contrast = 11, photometer = 55–65, minimum
cell size= 3 pixels. Sperm motility, velocity, and linearity were
analyzed at 5 and 10 s postactivation. Sperm motility was cal-
culated as the percentage of motile cells divided by the total
number of cells. Sperm velocity was measured as the average
velocity measured over the actual point to track followed by
the cell. Sperm-path linearity was measured as the departure of
the cell track from a straight line. Linearity is the straightness
with which a sperm cell moves per unit of distance traveled.
Straighter swimming sperm will have a larger linearity value.
Longevity was estimated as the time for approximately 95% of
the sperm cells to become immotile (Gage et al. 2004). For each
male, the mean value of all sperm cells per each activation was
used for statistical analysis.
Sperm density.—Sperm density was estimated by adding
1.5 µL of milt to 500 µL of Cortland’s saline solution (7.25 g/L
NaCl; 0.38 g/L KCl; 0.47 g/L MgSO4: 7H2O; 0.4 g/L Na2HPO4:
H2O; 1.0 g/L NaHCO3; 0.22 g/L MgCl2; 1.0 g/L C6H1206) to
prevent activation. The sperm suspension was then gently mixed
using a wide-bore transfer pipette, and 10 µL was loaded onto a
Neubauer-improved haemocytometer. Sperm cells were counted
in 5 of the 25 squares (1 mm2) on the haemocytometer (4 corner
squares and 1 middle square). Sperm density was then estimated
by taking the mean number of sperm cells in the 5 squares, mul-
tiplying by 25 and then by 10 (the depth of each chamber in
the haemocytometer). This number was then multiplied by the
initial volume of the sample to obtain the total number of sperm
cells in 1 mL of milt (Pitcher et al. 2009).
Statistical analyses.—To examine sperm quality of Lake
Trout throughout the spawning season, we used two statisti-
cal approaches. In the first approach, we examined seasonal
variation in sperm motility, velocity, linearity, longevity, and
density by fitting either linear or quadratic equations to the data
(PROC REG; SAS Institute 2003). This allowed us to create
predictive models to explore the shape (positive or negative) of
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seasonal variation. Linear and quadratic equations were chosen
a-priori to fit the data based on the available literature (e.g.,
Lahnsteiner et al. 1996, 1998; Butts et al. 2010). Final equation
selection (linear or quadratic) was based on an F-statistic: dfj(r2j
− r2i)/(1 − r2j), where: r2i = the r2 for the ith order, r2j = the
r2 for the next higher order, dfj = the degrees of freedom for the
higher-order equation with j degrees of freedom in the numera-
tor and dfj = n − j −1 degrees of freedom in the denominator
(McDonald 2009).
In the second approach we analyzed the data using a series
of repeated measures mixed-model ANOVAs (PROC MIXED;
SAS Institute 2003). By using this approach we were able to
determine how the four sampling periods differed throughout
the spawning season (i.e., October 28 versus December 7). Re-
peated measures mixed-model ANOVAs, for sperm-related vari-
ables, were run at each postactivation time. Akaike’s (AIC) and
Bayesian (BIC) information criteria were used to assess which
covariance structure (compound symmetry, autoregressive or-
der, or unstructured) was most appropriate (Littell et al. 1996).
Sampling date was considered fixed, whereas male identity was
considered random and included as the subject in the repeated
statement. Tukey posthoc analyses were used to compare least-
squares means between treatments.
All data were analyzed using SAS statistical software (ver-
sion 9.1; SAS Institute Inc., Cary, North Carolina). Residuals
were tested for normality using the Shapiro–Wilk test, and ho-
mogeneity of variances were tested using plot of residuals ver-
sus fit values. Sperm velocity, density, and longevity were log10
transformed, while sperm motility and linearity were arcsine
square-root-transformed when data deviated from normality and
homoscedasticity (Zar 1996).
RESULTS
Motility
There was a significant positive linear relationship between
sampling date and sperm motility at 5 s postactivation (r2= 0.18;
F1, 63 = 14.0, P < 0.001, y = 8.34x + 39.28); however, there
was no significant relationship at 10 s postactivation (r2= 0.07;
F2, 63 = 2.5, P = 0.09, y = 21.51x + 3.41x2 + 17.32; Figure
1a). Sampling date had a significant effect on sperm motility at
5 s (F3, 35.1= 6.43, P= 0.0014) and 10 s postactivation (F3, 33.6=
7.82, P = 0.0004; Figure 1b).
Velocity
There was a significant negative quadratic relationship be-
tween sampling date and sperm velocity at 5 s postactivation
(r2 = 0.10; F2, 63 = 3.23, P = 0.046, y = 40.93x − 8.27x2 +
70.0) and a marginally significant negative quadratic relation-
ship at 10 s postactivation (r2= 0.09; F2, 63= 3.05, P= 0.05, y=
23.64x− 4.88x2 + 49.73; Figure 1c). Sampling date had a sig-
nificant effect on sperm velocity at 10 s postactivation (F3, 32.9 =
3.81, P = 0.02) but not at 5 s postactivation (F3, 44.9 = 2.04,
P = 0.12; Figure 1d).
Linearity
There was a significant positive linear relationship between
sampling date and sperm path linearity at 5 s postactivation
(r2 = 0.27; F1, 63 = 22.99, P < 0.0001, y = 6.77x + 44.56),
while a significant positive quadratic relationship was found at
10 s postactivation (r2 = 0.21; F2, 63 = 8.31, P < 0.001, y =
−18.75x + 4.55x2 + 79.92; Figure 1e). Sampling date had a
significant effect on sperm path linearity at 5 s (F3, 34.1 = 11.2,
P < 0.0001) and 10 s (F3, 33.4 = 9.2, P = 0.001) postactivation
(Figure 1f).
Longevity
A significant negative quadratic relationship was found be-
tween sampling date and sperm longevity (r2 = 0.13; F2, 63 =
4.40, P = 0.02, y = 7.30x − 1.69x2 + 17.66; Figure 2a). Run-
ning the analysis of variance (ANOVA) showed that sampling
date had a significant effect on sperm longevity (F3, 35 = 3.2,
P = 0.036; Figure 2b).
Density
There was a significant negative quadratic relationship be-
tween sampling date and sperm density (r2 = 0.12; F2, 63 =
4.10, P = 0.02, y = 1.00x – 0.18x2 + 0.13; Figure 2c). Sam-
pling date had a marginally significant effect on sperm density
(F3, 35.7 = 2.8, P = 0.05; Figure 2d).
DISCUSSION
Quantifying sperm quality throughout the spawning sea-
son is important for estimating a stock’s reproductive potential
(Trippel 1999, 2003), timing of optimal fertilization for hatch-
ery production (Rana 1995), and improvement of short-term
and long-term storage (cryopreservation) techniques for many
captivity-bred and endangered species (Rideout et al. 2004).
Variation in sperm quality across the spawning season has
been previously reported for a number of freshwater and
marine fishes (e.g., Billard 1986; Munkittrick and Moccia
1987; Beira˜o et al. 2011). Results have shown that within and
across species, seasonal changes in sperm quality can differ.
For example, one study on Turbot Scophthalmus maximus (Su-
quet et al. 1998) demonstrated that motility decreased linearly
as the spawning season progressed, while a significant linear
increase in sperm motility was shown for Red Porgy Pagrus
pagrus (Mylonas et al. 2003). For sperm velocity, negative
quadratic relationships were found in Barbel Barbus barbus
(Alavi et al. 2008) and Atlantic Cod Gadus morhua (Rouxel
et al. 2008). Other studies have shown that velocity gradually
decreased throughout the spawning season, such as in Eurasian
Perch Perca fluviatilis (Alavi et al. 2010), while a linear in-
crease in velocity was found in Atlantic Cod (Butts et al. 2010).
In terms of longevity, studies on Rainbow Trout Oncorhynchus
mykiss (Bu¨yu¨khatipoylu and Holt 1984) and Puntazzo Diplo-
dus puntazzo (Papadaki et al. 2008) found negative quadratic
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FIGURE 1. Sperm quality metrics measured for Lake Trout. Panels (A, B) show motility, (C, D) velocity, and (E, F) linearity. Filled circles in panels on left (A,
C, E) represent mean individual values (± 1 SE) for each of the 16 male Lake Trout at 5 s postactivation; open circles represent mean individual values for 10 s
postactivation. Dashed lines in these panels represent sperm at 5 s postactivation; solid lines represent sperm at 10 s postactivation. In panels on right (B, D, F),
means (±1 SE) with shared letters did not differ significantly from one another based on Tukey posthoc analyses.
relationships. In contrast, a study on Brazilian Flounder Par-
alichthys orbignyanus (Lanes et al. 2010), found that sperm
longevity increased as the spawning season progressed.
For Lake Trout we found significant linear increases for
sperm motility and a significant negative quadratic relationship
for sperm velocity at 5 s postactivation, as well as a signifi-
cant negative quadratic relationship for longevity. These results
show that even though sperm velocity decreases at the end of
the spawning season, sperm still have the ability for movement,
although they have a shorter duration of motility. Additionally,
sperm quality was generally lower at the onset of the spawning
season as they may not have gained the capacity for forward
movement (Billard 1986; Mylonas et al. 2003). Essentially, this
may be linked to the seasonal variation in progestin, 17α,20ß-
dihydroxy-4-pregnen-3-one, which induces sperm maturation
in salmonids (Baynes and Scott 1985; Nagahama 1994).
Understanding how sperm density changes throughout the
season is necessary for determination of optimal sperm-to-egg
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FIGURE 2. The relationship and effect of sampling date as a plot and bar graph on longevity (A, B) and density (C, D). In panels on right (B and D) means
(±1 SE) with shared letters did not differ significantly from one another based on Tukey posthoc analyses.
ratios to essentially maximize fertilization success (Butts et al.
2009; Casselman et al. 2006). Quantifying density can also be
useful for estimating the biochemical properties of a known
volume of milt (i.e., ATP, protein concentration; Boryshpolets
et al. 2009). Here, we found a negative quadratic relationship
for sperm density, the densest sperm samples occurring on
December 7 (or middle of the season). Studies on Atlantic
Cod (Rouxel et al. 2008) and Yamu´ Brycon amazonicus (Cruz-
Casallas et al. 2007) found similar relationships. Increases in
sperm density throughout the spawning season have been found
in Atlantic Salmon Salmo salar (Piironen 1985), and Atlantic
Cod (Butts et al. 2010; Rakitin et al. 1999). In contrast, studies on
Rainbow Trout (Bu¨yu¨khatipoylu and Holt 1984), Snow Trout
Schizothorax richardsonii (Agarwal and Raghuvanshi 2009),
Brown Trout Salmo trutta (Hajirezaee et al. 2010) and Atlantic
Salmon (Aas et al. 1991) found that sperm density decreased
throughout the season.
In salmonids, gametogensis is a discontinuous process where
sperm is released from the sperm ducts over several months, ag-
ing throughout the spawning period (Billard 1986). During this
timeframe, declines in ATP levels (Dreanno et al. 1999), hor-
monal activity of the sperm duct (Koldras et al. 1996; Shangguan
and Crim 1999), and seminal plasma contents (i.e., ions, pro-
teins, antioxidants; Ciereszko et al. 1996; Hajirezaee et al. 2010)
have been reported. All of these biochemical and physiological
milt indices have been linked to sperm activity (Lahnsteiner et al.
1996, 1998). Therefore, further work should be undertaken to
explore how these indices are affecting specific sperm quality
in Lake Trout. In addition, researchers should investigate how
diet, stage of maturation, environmental conditions (e.g., tem-
perature, photoperiod), and broodstock stress can affect sperm
quality in captivity.
In conclusion, we found that 7–27% of the variation in sperm
traits can be explained by seasonal variation, indicating that sea-
sonality can have a significant impact on the quality of sperm
motility, velocity, linearity, longevity, and density. Understand-
ing this seasonal variation in sperm quality is important for
quantifying paternal effects on fertilization success. For exam-
ple, based on the available literature for another salmonid (Tuset
et al. 2008), seasonal differences in sperm velocity that we have
shown would result in about 10% difference in fertilization suc-
cess. Overall, these findings have relevance for the aquaculture
industry and salmonid rehabilitation programs, as well as for
estimation of a male’s reproductive potential in the wild.
ACKNOWLEDGMENTS
This research was funded by the Natural Sciences and Engi-
neering Research Council of Canada in the form of Discovery
Grants and Research Tools and Instrumentation Grants, as well
as grants awarded by the University of Windsor, to T.E.P. and
a Ministry of Research and Innovation postdoctoral fellowship
grant to I.A.E.B. Bill Sloan, Scott Ferguson, and Ben Lewis of
the Ontario Ministry of Natural Resources (OMNR) provided
invaluable assistance at the OMNR Codrington Fisheries Re-
search Facility.
REFERENCES
Aas, G. H., T. Refstie, and B. Gjerde. 1991. Evaluation of milt quality of Atlantic
Salmon. Aquaculture 95:125–132.
Do
wn
loa
de
d b
y [
DT
U 
Li
bra
ry]
 at
 01
:42
 12
 A
pri
l 2
01
3 
SEASONAL VARIATION IN SPERM QUALITY OF LAKE TROUT 107
Agarwal, N. K., and S. K. Raghuvanshi. 2009. Spermatocrit and sperm density
in Snowtrout (Schizothorax richardsonii): correlation and variation during
the breeding season. Aquaculture 291:61–64.
Alavi, S. M. H., M. Psenicka, M. Rodina, T. Policar, and O. Linhart. 2008.
Changes in sperm morphology, volume, density and motility and seminal
plasma composition in Barbus barbus (Teleostei: Cyprinidae) during the
reproductive season. Aquatic Living Resources 21:75–80.
Alavi, S. M. H., M. Rodina, A. Hatef, V. Stejskal, T. Policar, J. Hama´cˇkova´,
and O. Linhart. 2010. Sperm motility and monthly variations of semen char-
acteristics in Perca fluviatilis (Teleostei: Percidae). Czech Journal of Animal
Science 55:174–182.
Babiak, I., O. Ottesen, G. Rudolfsen, and S. Johnsen. 2006. Quantitative charac-
teristics of Atlantic Halibut, Hippoglossus hippoglossus L., semen throughout
the reproductive season. Theriogenology 65:1587–1604.
Baynes, S. M., and A. P. Scott. 1985. Seasonal variations in parameters of
milt production and in plasma concentration of sex steroids of male Rain-
bow Trout (Salmo gairdneri). General and Comparative Endocrinology 57:
150–160.
Beira˜o, J., F. Soares, M. P. Herra´ez, M. T. Dinis, and E. Cabrita. 2011. Changes in
Solea senegalensis sperm quality throughout the year. Animal Reproduction
Science 126:122–129.
Billard, R. 1986. Spermatogenesis and spermatology of some teleost fish species.
Reproduction Nutrition Development 26:877–920.
Boryshpolets, S., B. Dzyuba, V. Stejskal, and O. Linhart. 2009. Dynamics of ATP
and movement in Eurasian Perch (Perca fluviatilis L.) sperm in conditions of
decreasing osmolality. Theriogenology 72:851–859.
Butts, I. A. E., M. K. Litvak, and E. A. Trippel. 2010. Seasonal variations
in seminal plasma and sperm characteristics of wild-caught and cultivated
Atlantic Cod, Gadus morhua. Theriogenology 73:873–885.
Butts, I. A. E., E. A. Trippel, and M. K. Litvak. 2009. The effect of sperm to egg
ratio and gamete contact time on fertilization success in Atlantic Cod Gadus
morhua L. Aquaculture 286:89–94.
Bu¨yu¨khatipoylu, S., and W. Holt. 1984. Sperm output in Rainbow Trout (Salmo
gairdneri)- effect of age, timing and frequency of stripping, and presence of
females. Aquaculture 37:63–71.
Casselman, S. J., A. I. Schulte-Hostedde, and R. Montgomerie. 2006. Sperm
quality influences male fertilization success in Walleye (Sander vitreus).
Canadian Journal of Fisheries and Aquatic Sciences 63:2119–2125.
Ciereszko, A., L. Liu, and K. Dabrowski. 1996. Effects of season and dietary
ascorbic acid on some biochemical characteristics of Rainbow Trout (On-
corhynchus mykiss). Fish Physiology and Biochemistry 15:1–10.
Cruz-Casallas, P. E., V. M. Robles-Medina, and Y. M. Velasco-Santamarı´a. 2007.
Seasonal variation of sperm quality and the relationship between spermat-
ocrit and sperm concentration in Yamu´ Brycon amazonicus. North American
Journal of Aquaculture 69:159–165.
Dreanno, C., M. Suquet, J. Fauvel, J. R. Le Coz, G. Dorange, L. Quemener,
and R. Billard. 1999. Effect of the ageing process on the quality of Sea
Bass (Dicentrarchus labrax) semen. Journal of Applied Ichthyology 15:
176–180.
Evans, D., and C. Willox. 1991. Loss of exploited, indigenous populations of
Lake Trout, Salvelinus namaycush by stocking of non-native stocks. Canadian
Journal of Fisheries and Aquatic Sciences 48(Supplement 1):134–147.
Gage, M. J. G., C. P. Macfarlane, S. Yeates, R. G. Ward, J. B. Searle, and G. A.
Parker. 2004. Spermatozoal traits and sperm competition in Atlantic Salmon:
relative sperm velocity is the primary determinant of fertilization success.
Current Biology 14:44–47.
Guinand, B., K. T. Scribner, K. S. Page, and M. K. Burnham-Curtis. 2003.
Genetic variation over space and time: analyses of extinct and remnant lake
trout populations in the upper Great Lakes. Proceedings of the Royal Society
of London B 270:425–433.
Hajirezaee, S., B. M. Amiri, and A. R. Mirvaghefi. 2010. Changes in sperm
production, sperm motility, and composition of seminal fluid in Caspian
Brown Trout, Salmo trutta caspius, over the course of a spawning season.
Journal of Applied Aquaculture 22:157–170.
Jensen, A. L. 1994. Larkin’s predation model of Lake Trout (Salvelinus na-
maycush) extinction with harvesting and Sea Lamprey (Petromyzon marinus)
predation: a qualitative analysis. Canadian Journal of Fisheries and Aquatic
Sciences 51:942–945.
Koldras, M., M. Loir, G. Maisse, and F. LeGac. 1996. Study of the compo-
sition of seminal fluid and of sperm motility along the genital tract, during
a spawning season, in the Rainbow Trout (Oncorhynchus mykiss). Aquatic
Living Resources 9:337–345.
Lahnsteiner, F., B. Berger, T. Weismann, and R. A. Patzner. 1996. Motility
of spermatozoa of Alburnus alburnus (Cyprinidae) and its relationship to
seminal plasma composition and sperm metabolism. Fish Physiology and
Biochemistry 15:167–179.
Lahnsteiner, F., B. Berger, T. Weismann, and R. A. Patzner. 1998. Determi-
nation of semen quality of the Rainbow Trout, Oncorhynchus mykiss, by
sperm motility, seminal plasma parameters, and spermatozoal metabolism.
Aquaculture 163:163–181.
Lanes, C. F. C., M. H. Okamoto, A. Bianchini, L. F. Marins, and L. A.
Sampaio. 2010. Sperm quality of Brazilian Flounder Paralichthys or-
bignyanus throughout the reproductive season. Aquaculture Research
41:e199–e207.
Littell, R. C., G. A. Milliken, W. W. Stroup, and R. D. Wolfinger. 1996. SAS
system for mixed models. SAS Institute Incorporated, Cary, North Carolina.
McDonald, J. H. 2009. Handbook of biological statistics, 2nd edition. Sparky
House Publishing, Baltimore, Maryland.
Munkittrick, K. R., and R. D. Moccia. 1987. Seasonal changes in the quality
of Rainbow Trout (Salmo gairdneri) semen: effect of a delay in stripping on
spermatocrit, motility, volume and seminal plasma constituents. Aquaculture
64:147–156.
Mylonas, C. C., M. Papadaki, and P. Divanach. 2003. Seasonal changes in sperm
production and quality in the Red Porgy Pagrus pagrus (L.). Aquaculture
Research 34:1161–1170.
Nagahama, Y. 1994. Endocrine control of gametogensis. International Journal
of Developmental Biology 38:217–229.
Papadaki, M., M. Papadopoulou, I. Siggelaki, and C. C. Mylonas. 2008. Egg and
sperm production and quality of Sharpsnout Sea Bream (Diplodus putazzo)
in captivity. Aquaculture 276:187–197.
Piironen, J. 1985. Variation in the properties of milt from the Finnish land-
locked salmon (Salmo salar m. sebago Girard) during a spawning season.
Aquaculture 48:337–350.
Piller, K. R., C. C. Wilson, C. E. Lee, and J. Lyons. 2005. Conservation genetics
of inland Lake Trout in the upper Mississippi River basin: stocked or native
ancestry? Transactions of the American Fisheries Society 134:789–802.
Pitcher, T. E., S. M. Doucet, J. Beausoleil, and D. Hanley. 2009. Secondary
sexual characters and sperm traits in Coho Salmon (Oncorhynchus kisutch).
Journal of Fish Biology 74:1450–1461.
Rakitin, A., M. M. Ferguson, and E. A. Trippel. 1999. Spermatocrit and sper-
matozoa density in Atlantic Cod (Gadus morhua): correlation and variation
during the spawning season. Aquaculture 170:349–358.
Rana, K. 1995. Preservation of gametes. Pages 53–76 in N. R. Bromage and
R. J. Roberts, editors. Broodstock management and egg and larval quality.
University Press, Cambridge, Ontario.
Rideout, R. M., E. A. Trippel, and M. K. Litvak. 2004. The development of
haddock and Atlantic Cod sperm cryopreservation techniques and the effect
of sperm age on cryopreservation success. Journal of Fish Biology 65:299–
311.
Rouxel, C., M. Suquet, J. Cosson, A. Severe, L. Quemener, and C. Fauvel.
2008. Changes in Atlantic Cod (Gadus morhua L.) sperm quality during the
spawning season. Aquaculture Research 39:434–440.
SAS Institute. 2003. SAS system v. 9.1. SAS Institute, Inc., Cary, North
Carolina.
Shangguan, B., and L. W. Crim. 1999. Seasonal variations in sperm produc-
tion and sperm quality in male Winter Flounder, Pleuronectes americanus:
the effects of hypophysectomy, pituitary replacement therapy, and GnRH-A
treatment. Marine Biology 134:9–27.
Do
wn
loa
de
d b
y [
DT
U 
Li
bra
ry]
 at
 01
:42
 12
 A
pri
l 2
01
3 
108 JOHNSON ET AL.
Suquet, M., C. Dreanno, G. Dorange, Y. Normant, L. Quemener, J. L. Gaignon,
and R. Billard. 1998. The ageing phenomenon of Turbot spermatozoa: ef-
fects on morphology, motility, and concentration, intracellular ATP content,
fertilization, and storage capacities. Journal of Fish Biology 52:31–41.
Trippel, E. A. 1999. Estimation of stock reproductive potential: history and chal-
lenges for Canadian Atlantic gadoid stock assessments. Journal of Northwest
Atlantic Fishery Science 25:61–81.
Trippel, E. A. 2003. Estimation of male reproductive success of marine fishes.
Journal of Northwest Atlantic Fishery Science 33:81–113.
Tuset, V. M., G. J. Dietrich, M. Wojtczak, M. Słowin´ska, J. de Monserrat,
and A. Ciereszko. 2008. Relationships between morphology, motility and
fertilization capacity in Rainbow Trout (Oncorhynchus mykiss) spermatozoa.
Journal of Applied Ichthyology 24:393–397.
Walters, C. J., G. Steer, and G. Spangler. 1980. Responses of Lake Trout (Salveli-
nus namaycush) to harvesting, stocking, and lamprey reduction. Canadian
Journal of Fisheries and Aquatic Sciences 37:2133–2145.
Zar, J. H. 1996. Biostatistical Analysis, 3rd edition. Prentice-Hall, Englewood
Cliffs, New Jersey.
Do
wn
loa
de
d b
y [
DT
U 
Li
bra
ry]
 at
 01
:42
 12
 A
pri
l 2
01
3 
